The hemodynamics during postischemic reperfusion are complex and not yet fully understood. Hyperperfusion followed by delayed hypoperfusion is often observed during the reperfusion period after ischemia in the brain [1] . In the eye, the hyperemic response during the early phase of reperfusion is well documented. Roth and Pietrzyk [2] demonstrated hyperperfusion after 1 h of retinal ischemia in cats. We showed that the magnitude of postischemic hyperperfusion was greater after 30-min ischemia than after 10-min ischemia in the eyes of rats [3] . The magnitude of hyperperfusion was smaller after 50-min ischemia than after 30-min ischemia, although the difference between the two groups was not statistically significant.
6 h of reperfusion.
Since ischemic disease occurs more often in old patients than in young, it is interesting to compare responses to ocular ischemia in aged animals with those in young animals. The heart tissue of rats is more tolerant to ischemia in newborns than in adults [4] . Delayed hypoperfusion occurs in all cerebral regions except for the white matter in adult pigs, whereas it is observed only in the brain stem and caudate nucleus in piglets [5] . In the eye tissues, we suggested that the circulatory response during postischemic reperfusion became variable with age [3] . The third purpose of the present study was to compare the changes in ocular blood flow and retinal histology during postischemic reperfusion in young (4 months) rats with those in aged (more than 18 months) rats.
MATERIALS AND METHODS
Animals. Male Wistar rats, 4 months (nϭ25) and more than 18 months (nϭ24), were used in this study. All procedures in the present study were reviewed and approved by the Committee for Animal Experimentation at the Faculty of Medicine, Tottori University, Yonago, Japan, and conformed to the "Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences" set forth by the Physiological Society of Japan. The rats were housed under diurnal lighting conditions and given free access to food and water. The animals were anesthetized with sodium pentobarbital (10-20 mg/kg, I.P., Abbott, North Chicago, IL, USA) and ketamine hydrochloride (40-60 mg/kg, I.M., Sankyo, Tokyo, Japan). The depth of anesthesia was continuously maintained with ketamine hydrochloride (5-20 mg/kg/h, I.V.) throughout the experiments. The right femoral artery was cannulated for monitoring blood pressure by means of a pressure transducer (TP-200T, Nihon Kohden, Tokyo, Japan) and sampling arterial blood for blood gas analysis (238 gas analyzer, Ciba Corning, Tokyo, Japan). The right femoral vein was also cannulated for drug infusion. The animals were tracheotomized and artificially ventilated with room air, following paralysis with pancronium bromide (0.5-0.6 mg/kg/h, I.V., Oragnon, Teknika, Oss, The Netherlands) to eliminate saccadic eye movements. The respirator (SN-480-7, Shinano, Tokyo, Japan) was adjusted to 90-110 cycles/min to maintain Pa CO 2 at 30-40 mmHg throughout the experiments. Atropine sulfate (0.1 mg/kg, I.M., Tanabe, Osaka, Japan) was given to depress mucus secretion in the upper airways. Then, the rats were fixed in a stereotaxic frame for measurement of blood flow. The rectal temperature was maintained at 37-38°C using a heating pad.
Measurement of choroidal blood flow (ChBF). In this study, ChBF was measured by means of a laser Doppler flowmeter (ALF21, Advance, Tokyo, Japan) in the left eye. The procedures have been described in detail elsewhere [3] . In brief, a traction thread was sutured at the upper eyelid and the superior rectus muscle to secure the eyeball in a suitable position for ChBF measurement. A small part of the bulbar conjunctiva was removed, and a laser probe was placed on the exposed sclera at approximately 2-3 mm posterior to the upper limbs using a micromanipulator. Care was taken to avoid placing the probe on a visible vessel. The tension of the traction was maintained at a minimal level.
Exposure to ischemia. The rats were divided into 6 groups as shown in Table 1 . A 27-gauze needle was inserted into the left anterior chamber through the cornea and connected to a bottle filled with artificial aqueous humor (Opeguard MA, Senju, Osaka, Japan). Intraocular pressure (IOP) of the left eye was altered by changing the height of the bottle to produce a certain level of ischemia. After the baseline value of ChBF was measured, the IOP was elevated from 15 to 80 mmHg for 30 min (Groups 2 and 5) or for 120 min (Groups 3 and 6), and then returned to 15 mmHg to allow reperfusion for 6 h. In the control animals (Groups 1 and 4), the IOP was maintained at 15 mmHg throughout the experiment. Occurrence of ocular ischemia was confirmed by whitening of the iris and loss of the red reflex.
Histological examination. After 6 h of reperfusion, animals in Groups 3 and 6 (nϭ5 in each group) were sacrificed with an overdose injection of ketamine hydrochloride (100 mg/kg, I.V.). The left eyes were immediately enucleated and fixed in 2.5% glutaraldehyde with 0.1 M phosphate buffer for 1 h at room temperature. The right eyes, which had been sham-operated with needle insertion into the anterior chamber but without elevation of IOP, served as a nonischemic control. After the removal of the anterior segments, the eye cups were divided into temporal and nasal halves to allow better penetration of the fixative. Next, they were fixed in 2.5% glutaraldehyde with 0.1 M phosphate buffer overnight at 4°C and then rinsed in phosphate-buffered saline overnight at 4°C. The tissues were then postfixed in 1% osmium tetroxide in phosphate-buffered saline for 2 h, dehydrated in acetone, and embedded in Epon (Quetol 812 46%, dodecenyl succinic anhydride 30%, and methyl nadic anhydride 24%). Sagittal sections of the globe, 1 m thick, were obtained, stained with toluidine blue, and examined under a light microscope. Then the preparations were photographed, and the thickness of the inner retina (internal limiting membrane, nerve fiber layer, ganglion cell layer, inner plexiform layer, and inner nuclear layer) and the outer retina (outer plexiform layer, outer nuclear layer, external limiting membrane, visual cell layer, and retinal pigment epithelium) were measured at 1.0 and 1.5 mm lateral to the optic disc. Data analysis. The output of the ChBF recording was averaged for 30 s before (baseline value), during (at 1, 9, and 29 min in Groups 2 and 5; at 1, 60, and 119 min in Groups 3 and 6), and after ischemia (at 1 and 9 min, and every hour for 6 h after the end of ischemia). In the control rats (Groups 1 and 4), data were collected at the corresponding time periods. Relative ChBF was expressed as a percentage of the baseline value in each rat. The thickness of the retina was determined as the average of the two sites. Data shown in the text, figures, and tables are expressed as meansϮstandard error of the mean (SEM). Results were statistically analyzed using non-paired t-test between two groups, paired t-test for before and after ischemia, or ANOVA with repeated measures followed by a post-hoc Fisher's test for multiple comparisons. The difference in means was considered to be significant when pϽ0.05.
RESULTS

Physiological variables
There were no significant changes in Pa CO 2 , Pa O 2 and pH before and after ischemia (after 6 h of reperfusion) in any of the experimental groups (Table 2) . No significant differences were observed for these parameters between young and aged rats. The mean arterial pressure did not change significantly throughout the experiment in young rats. In aged rats, however, it decreased significantly (pϭ0.047) in the 120-min ischemia group (Group 6), whereas it remained constant in the control (Group 4) and 30-min ischemia groups (Group 5).
Changes in ChBF
In the control rats of both young (Group 1) and Postischemic Reperfusion in Rat Eyes aged (Group 4) groups, ChBF did not change significantly throughout the experiments ( Figs. 1 and 2 ). On the other hand, ChBF decreased to 40-50% of the baseline value during exposure to 80 mmHg of IOP. There were no significant differences in the level of ischemia between the 30 and 120-min groups nor between the young and aged groups (Table 3 ). In the early phase of reperfusion, ChBF increased above the baseline level at 1 min (hyperperfusion) and then returned nearly to the baseline 9 min after the cessation of 30-min ischemia in both young and aged rats (Fig.1) . The magnitude of postischemic hyperperfusion was greater in the young rats than in the aged rats in the 30-min ischemia groups (Table 4 and Fig. 1 ). After 120-min ischemia, the postischemic hyperperfusion was not so remarkable (Table 4 and Fig. 2 ). The magnitude of hyperperfusion in young rats was greater after 30-min ischemia (Group 2) than after 120-min ischemia (Group 3) ( 
2a).
In the later phase of reperfusion after 30-min ischemia, no significant differences in ChBF were observed between control and ischemia rats in both young (Fig. 1a) and aged groups (Fig. 1b) . Exposure to 120-min ischemia gradually increased the ChBF in young rats, and the difference in ChBF between the control (Group 1) and ischemia rats (Group 3) became significant 4 h after the cessation of ischemia (Fig.   2a ). On the other hand, ChBF declined gradually in aged rats exposed to 120-min ischemia (Fig. 2b) and its values were significantly less than those in the control rats (Group 4) 5 and 6 h after the cessation of ischemia (Fig. 2b) .
Histology and thickness of the retina
In the control retinae of the aged rats, the number of cells in the outer nuclear layer was considerably Postischemic Reperfusion in Rat Eyes Fig. 3 . Histology of the control and ischemic retinae in young (A, C, and E) and aged (B, D, and F) rats. The control retina of the aged rat (B) shows a marked reduction in the number of cells in the outer nuclear layer. In the ischemic retinae, microvacuolation (arrows) in the inner and outer plexiform layers and vacuolar changes of the cytoplasms ( * ) in the inner nuclear layer are more prominent in young rats (C and E) than in aged rats (D and F). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Epon sections stained with toluidine blue.
less than that of the young rats and the outer retinal layers appeared to be thin in the aged rats (Fig. 3A  and B) . Exposure to 120-min ischema caused microvacuolation in the inner and outer plexiform layers and vacuolar changes in the cytoplasms in the inner nuclear layer of both young ( Fig. 3C and E) and aged rats ( Fig. 3D and F) , which were more marked in the young rats. Measurements of the thickness of the retinal layers after 120-min ischemia revealed that both the inner and outer retinal layers had increased in the young rats but decreased in the aged rats, particularly the outer layers (Table 5) .
DISCUSSION
The main results from the ChBF experiments were as follows: 1) ischemia of 120 min caused less marked postischemic hyperperfusion than 30-min ischemia in the eyes of young rats (Table 4) ; 2) delayed hypoperfusion did not occur even after 120-min ischemia in young rats (Fig. 2) ; and 3) in aged rats, the postischemic hyperperfusion was less marked than in young rats (Table 4 ) and delayed hypoperfusion was observed following 120-min ischemia (Fig. 2) .
The measurement of ChBF used in this study has been discussed in detail elsewhere [3, 6, 7] . Since the laser probe was placed on the sclera from the outside, the sclera was located between the probe and the choroid. However, the laser probe can detect a good signal from the choroidal tissue underneath the sclera [6] . The laser beam also reaches the retinal vascular bed. Riva et al. [8] showed that the contribution of retinal blood flow to the value of ocular blood flow obtained by laser Doppler flowmetry was about 1/8 that of ChBF. Therefore, the output obtained with the technique used in the present study represents mainly ChBF. The choroidal capillaries are arranged in a single layer restricted to the inner portion of the choroid, and this arrangement enables the capillaries to supply nutrition to the outer retina [9] . Thus, ChBF is important as it supplies oxygen and nutrition not only to the choroidal tissues but also to the outer retina. Furthermore, it protects the eye tissues from thermal damage [10] . Thus, our technique provides useful information from the viewpoints of tissue protection and nutrition.
In the present experiments, exposure to 30-min ischemia increased the ChBF to 186% of the baseline value in younger rats, which is consistent with our previous report [3] . Theoretically, a longer period of ischemia produces more marked postischemic hyperperfusion, because it accumulates more metabolites in the tissue, which causes vasodilation. This was true with ischemic periods up to 30 min [3] . However, the present results clearly show that hyperperfusion following 120-min ischemia is less marked than that after 30-min ischemia. The cells reduce their metabolic activities if they get injured, which in turn may decrease the regional blood flow. Hughes [11] examined the threshold for cellular injury in the rat retina and demonstrated that extensive damage of the inner and outer retinae was observed only after 60 and 90 min of no-flow ischemia, respectively. Reinecke and coworkers [12] also suggested that the retina subjected to an ischemic period of 90 min suffers tissue damage, showing loss of ganglion cells, rods, cones, and bipolar cells. Thus, exposure to 120-min ischemia in our study may have caused cell damage in the retinal tissues, which may explain the reduced postischemic hyperperfusion.
Other factors which may explain the difference between 30 and 120-min ischemia include erythrocyte aggregation, swelling of endothelial cells, leukocyte adhesion, tissue edema formation, and extracellular concentration of endothelin. It is suggested that failure of cellular ion transport during ischemia leads to swelling of endothelial cells and erythrocyte aggregation, which is responsible for increased blood viscosity [13] . Schmidt-Schönbein and colleagues [14] have shown the mechanism by which leukocyte adhesion occurs in a postcapillary vessel, and it is now widely accepted that leukocyte adhesion frequently occurs during postischemic reperfusion. In the rat retina, serious edema develops following 90-min ischemia, moderate edema following 60-min ischemia, but no edema after 30-min ischemia [11] . The present study also demonstrated that 120-min ischemia with 40-50% of normal blood flow produced remarkable edema in young rats. It is also known that exposure to ischemia increases the tissue and extracellular levels of endothelin [15] , and endothelin-induced vasocontraction contributes to tissue damage when the level of hypoxia is severe [16] .
In the brain, hyperperfusion is often followed by delayed hypoperfusion during the reperfusion period after ischemia [1] . On the other hand, Roth and Pietrzyk [2] showed that delayed hypoperfusion did not occur after 60-min ischemia in cats. In the present study, we hypothesized that a longer period of ischemia would cause delayed hypoperfusion in rat eyes. Exposure to 120-min ischemia, however, did not induce delayed hypoperfusion in young rats. As mentioned earlier, ischemia of more than 60 min causes cell damage in the retina. This damage can be either irreversible [11, 12] or reversible [17] . In the present study, the ischemia was incomplete. We raised the IOP to 80 mmHg, which was lower than the mean arterial pressure (Table 2) . Therefore, the perfusion pressure (mean arterial pressureϪIOP) remained positive during the ischemia period, keeping the ChBF at 40-50% of the baseline value. We selected this level of ischemia because IOP does not clinically exceed the mean arterial pressure, even in a patient with severe acute glaucoma. Thus, the cell damage produced by 120-min ischemia in the present study may have been reversible and not prolonged to cause delayed hypoperfusion in the eye of young rats.
In aged rats, hyperperfusion after 30-min ischemia was less marked than in young rats. It was variable among aged rats, as shown by the larger standard error of the mean than that of the young rats (Table 4) , which is consistent with our previous report [3] . Another difference between young and aged rats was that ChBF decreased gradually following 120-min ischemia in aged rats, reaching 80% of the baseline value 6 h after the cessation of ischemia. DiLoreto and colleagues [18] demonstrated that the peripheral tissue of the rat retina was subject to sudden and dramatic losses of cells in the superior hemisphere after 12 months and in the inferior hemisphere after 18 months, and that the implicit time of the ERG waves showed a significant increase after 18 months of age. Thus, 120-min ischemia with 40-50% of normal blood flow may be severe enough to cause delayed hypoperfusion in aged rats but not in young rats. The mechanism for the decrease in ChBF during the late stage of reperfusion is not clear. One possibility may be that the ischemia produced a certain level of tissue damage such as cell death and thrombosis in aged rats. Alternatively, the decrease in ChBF may simply reflect a change in blood pressure. The decrease in the mean arterial blood pressure (Table 2 ) was almost the same as that in ChBF. We do not have a clear explanation for the reason why ischemia in the local tissue changed the blood pressure significantly in the aged rats. Further study will be needed to clarify this point.
The histological examination of the retina in the present study showed that 120-min ischemia increased the thickness of the retinal layers in the young rats and decreased it in the aged rats. The main cause of the increased thickness in the young rats seemed to be edema in the tissue. It is known that ischemia causes a disturbance in the blood-retinal barrier, which in turn induces edema of the tissue [19] . The change in retinal thickness was more marked in the outer layers than in the inner layers (Table 5 ). This is inconsistent with previous reports that the inner retina is more vulnerable to ischemia than the outer retina [11, 20, 21] . Most previous reports, however, evaluated the changes in retinal tissues after a few days of ischemia, whereas the present study examined the changes only 6 h after 120-min ischemia. Johnson [17] reported that degenerative changes were observed mainly in the visual cells of the rabbit retina 4 h after ischemia. It has been shown that the electrical activities of the outer retina, which are generated mainly from the retinal pigment epithelium, are changed when Pa O 2 falls to 70-80 mmHg [22] . The edema in the outer retina may also play a role in changing the function of the pigment epithelium during ischemia.
In contrast, the retinal thickness decreased in the aged rats after 120-min ischemia (Table 5) although milder edema was also observed in the tissues (Fig.  3E and F) . Several factors seem to be involved in the mechanism of this decreased thickness in the aged rats. The blood volume in the retina should be less in the aged rats than in the young rats exposed to 120-min ischemia because the blood pressure and ChBF were low after 120-min ischemia in the aged rats (Table 2 and Fig. 2b ). In addition, the resistance of the tissue against mechanical compression may be less in aged rats than in young rats. If this is the case, the elevation of IOP to 80 mmHg may make the retina thinner in the aged rats. For these reasons, it seems that the influence of edema does not affect retinal thickness in aged rats.
In conclusion, 120-min ischemia induced by increasing the IOP to 80 mmHg caused more severe damage than 30-min ischemia in the rat eye. However, delayed hypoperfusion was not observed during 6 h of reperfusion after 120-min ischemia in young rats. In aged rats, the hemodynamic changes during reperfusion were different from those in young rats in that the hyperperfusion was not marked and the ChBF gradually decreased during 6 h of reperfusion after 120-min ischemia.
